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OXYGEN CONSUMPTION AND RESPIRATORY 
FUNCTIONS AT HIGH ALTITUDES~ 

2 isches  Archiv Fur E. Hohwue Christensen 
Physiologie (Scandinavian Record Fatigue Laboratory, 
of Physiology),  Berl in ,  V o l  76 Harvard Univ and Zoo- 
1937: 88-100 physiological  Laboratory 

of t h e  Univ of Copenhagen 

The contemporary concept of mountain s ickness  i s  t h a t  
i t  i s  d e f i n i t e l y  no t  a "metabolic disease".  The symptoms of 
t h e  d i s e a s e  are no t  explained by t h e  accumulation of incom- 
p l e t e l y  oxidized metabolic products i n  the  body. Even a t  high 
a l t i t u d e s ,  under normal condi t ions,  a t  rest, as a r u l e ,  t i s s u e s  
receive a s u f f i c i e n t  amount of oxygen. Whenever clear symptoms 
of lack of 02 appear,  they were probably caused by the  c e n t r a l  
nervous system, when confronted by too low a pressure  of oxygen. 
The body n o t  only requi res  a s u f f i c i e n t  amount of oxygen, bu t  
a l s o  a s u f f i c i e n t l y  high pressure of t h e  a r t e r i a l  blood. 

Tissues can be adequately suppl ied with s u f f i c i e n t  
amounts of 02 when the r e sp i r a to ry  and c i r c u l a t o r y  systems work 
w e l l  toge ther .  Of course,  the supply of adequate 02- t ens ion  
depends on the  02- tension of the inhaled a i r ,  bu t  mostly on 
t h e  e f f i c i e n c y  of the  r e sp i r a to ry  system (Christensen and Krogh, 
1936). A drop i n  a l v e o l a r  02- t ens ion  can be e f f e c t i v e l y  

(1) Manuscript submitted 12 January 1937 

(2) Supported by the  Carlsberg and Rask-Orsted Funds and by 
t h e  Rockefeller Foundation 
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counteracted by increased ventilation of the lungs. 
following experimental results, it will become clear how ex- 
traordinarily large respiratnry requirements c a ~ l  hecnme at high  
altitudes. 

From the 

Plan of the Experiment and Methods 

The experiments were performed in the morning before 
eating. The work machine was the Fahrradergometer, already 
described (Christensen and Forbes, 1937) which permitted 
large changes in work intensity. The simple Ergometer gave 
sufficiently precise measurements, as indicated by control 
measurements with Krogh's Fahrradergometer, which could be 
braked electro-magnetically. Most of the metabolic deter- 
minations were done by the method of Douglas. 
ments, the exhaled air was collected directly in a large Spiro- 
meter. 
was not as good as that obtained under normal experimental 
conditions. The largest source of error was the fluctuation 
of the temperature of the experimental room. At stations 
Chuquicamata (2810 m), Ollague (3660 m) and Collahuasi (4700 m), 
the experimental room was a railroad car converted into a 
laboratory. At Aucanquilcha (5340 m) , the experiments were 
performed in a house. There, too, the temperature fluctuated 
much. During the morning, the temperature of the interior of 
the railroad car rose from loo to 3OOC. 
temperature of the air interfered with the measurement of the 
volume of exhaled air. The precision of the analysis was less 
affected, because the analytical apparatus - Haldane's appara- 
tus modified by Krogh - was placed in a well-insulated room. 

In some experi- 

The accuracy of the measurements of metabolic changes 

This change of the 

The relatively small dispersion of the experimental 
data indicated that the precision of the measurements sufficed 
for the task on hand. 

From subjects at rest, samples of alveolar air were 
collected in a small rubber bag having a capacity of 3-4 liters. 
Breathing was done freely through a three-way stopcock, open 
to the atmosphere. After a normal exhalation, the director of 
the experiment gave a command, and a deep and rapidly exhaled 
sample was produced for the usual Haldane test. At the same 
time, the director turns the stopcock such that the exhaled 
air is collected in the rubber bag. The small and empty space 



of t h e  bag was thoroughly flushed with a lveo la r  a i r  p r i o r  t o  the  
experiment. 
exhaled a lveo la r  a i r  samples of Haldane and P r i e s t l e p ,  i . e .  the  
observed C02-tension was s l i g h t l y  above and the  02-tension was 
s l i g h t l y  below the  average alveolar tens ion .  
very u s e f u l  f o r  sub jec t s  who were quickly t r a ined .  During the  
experiments, samples of a lveolar  a i r  were removed as r e f r a c t i v e  
samples from the  exhalat ion s ide  of  the  r e s p i r a t o r y  valve.  

The samples of a lveolar  a i r  corresponded t o  the  

This method i s  

Oxygen Intake During Muscular Work 

A c o r r e l a t i o n  between work-intensity and t o t a l  02- 
i n t ake  f o r  sub jec t  EHC a t  d i f f e r e n t  a l t i t u d e s  i s  shown i n  
Figure 1. 

i 1 

Fig .  1. 02-intake and work i n t e n s i t y  of  sub jec t  EHC 

A t  t he  termination of the expedi t ion,  values  were ob- 
ta ined  during work on Krogh’s Ergometer a t  s ea l eve l .  
values  were obtained wi th in  a two months per iod,  u sua l ly  a f t e r  
a f e w  days of s t a y  a t  a given a l t i t u d e .  
bably not  much influenced by va r i ab le  condi t ions of t r a i n i n g ,  
because the  sub jec t s  were t ra ined  on t h e  Fahrradergometer be- 
f o r e  t h e  s t a r t  of an experiment. 
a s t r a i g h t  l i n e  when p l o t t e d  against  work-intensi ty  a t  a l l  

The o the r  

The values  a r e  pro- 

Oxygen-intake increased as 
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a l t i t u d e s  between 0 and 5300 m.  A t  d i f f e r e n t  a l t i t u d e s ,  the  
in t ake  of 02/kgm of work was the  same. Measurements on o ther  
sub jec t s  showed t h a t  i n  general, t ~ s e f u l  wnrk wzs indenand-+ r--*----- 
of a l t i t u d e .  A t  high a l t i t u d e s ,  i n  some cases ,  t he  02-intake 
p e r  kgm of work w a s  i n s i g n i f i c a n t l y  higher  than the  average 
va lue .  This may have been caused by an increased amount of 
brea th ing  (Nielsen, 1936). 

I n  Figure 2 t he re  are shown t h e  curve of Figure 1 and 
corresponding curves obtained from four  o ther  members of the  
expedi t ion.  The shape of t he  curves ind ica t e s  t h a t  i n  a l l  
f ive  sub jec t s  t he re  ex i s t ed  the same c o r r e l a t i o n  between 02- 
in t ake  and work-intensity a t  d i f f e r e n t  a l t i t u d e s .  The in -  
d iv idua l  d i f fe rences  were very small. 

F ig .  2 .  02-intake and Work-intensity 

The r e s u l t s  were i n  good agreement with the  data of 
D i l l  and a s soc ia t e s  (1931), who performed work experiments 
with a Fahrradergometer a t  an a l t i t u d e  of 3100 m.  
po r t an t ,  but  improved use fu l  work a t  the higher  a l t i t u d e ,  
found i n  our experiments, may be ascr ibed  t o  b e t t e r  t r a i n i n g .  

The unim- 

Older publ ica t ions  d i d  not explain,  f o r  c e r t a i n ,  t he  
degree of e f f i c i e n c y  of muscular work a t  d i f f e r e n t  a l t i t u d e s .  
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For example, t he  very c a r e f u l l y  obtained da ta  of Haldane e t  a l .  
(1912) on top of P ike ' s  Peak indicated how e x t r a o r d i n a r i l y  
d l f f i c i i l t  ii z o i ~ p a x i s m  cazl be between walking-work at sea l eve l  
and a high a l t i t u d e .  The type of cons t ruc t ion  of t he  walking- 
t r a i n  has  a dec i s ive  inf luence on the  economy of walking 
(Durig e t  a l . ,  1909). Work on a Fahrradergometer i s  t o  be pre- 
f e r r e d ,  because the  work output can be kept  constant  a t  every 
a l t i t u d e  and t h i s  enables one to  make s t r i c t  comparisons. 

A s  a r u l e ,  o lde r  i nves t iga to r s  found decreased use fu l  
work a t  higher  a l t i t u d e s .  On the cont ra ry ,  Haldane e t  a l . ,  
using an exce l l en t  walking-train on P ike ' s  Peak, found in -  
c reased  use fu l  work. 

Herxheimer e t  a 1  (1933) claimed t h a t  metabolic measure- 
ments made only during the  work-period d id  n o t  provide d e f i n i t e  
information about t he  metabolic economy of work. This may have 
been i n  e r r o r .  These au thors  observed very l a r g e  ind iv idua l  
v a r i a t i o n s  i n  e f f i c i e n c y  of work, undoubtedly caused by an un- 
s u i t a b l e  experimental  technique, i nd ica t ed  by the  l a rge  devia- 
t i o n s  of t he  d a t a .  

With respec t  t o  the degree of e f f i c i e n c y ,  w e  have only 
considered the  d i r e c t  consumption of 02 .  We d id  n o t  c a l c u l a t e  
t he  c a l o r i c  value of 02 a t  t h e  observed r e s p i r a t o r y  quo t i en t .  
A s  a r u l e ,  metabolic measurements were made 8-10 minutes a f t e r  
t he  s t a r t  of t he  work. 
completed by then, the  R.Q. does n o t  i n d i c a t e  c l e a r l y  the  s ta te  
of t h e  metabolism. However, the  observed R.Q. values  ind ica ted  
t h a t  carbohydrates were more s t rongly  oxidized a t  higher  a l t i -  
tudes.  

Since C02-washings were no t  always 

Ven t i l a t ion  

Vent i la t ion ,  designated as V37 ( 3 7 O  e x i s t i n g  pressure  
and vapor s a t u r a t i o n ) ,  increased s t rongly  with f a l l i n g  baro- 
metr ic  pressure f o r  equal amounts of 02-intake.  
r e s u l t s  are presented which were produced by sub jec t  EHC. 
Others gave similar r e s u l t s ,  but fewer determinations were made. 
I n  Figure 3 ,  V37 i s  shown i n  r e l a t i o n  t o  02-intake.  

I n  Figure 3, 
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Fig .  3. V37 and 02-intake by subjec t  EHC 

Values a t  sealevel were obtained l a s t ,  a s  mentioned 
ear l ie r .  
i n t a k e s ,  i . e .  about 25 l i ters  per l i t e r  of consumed 02.  The 
form of t h e  curve i n d i c a t e s  t h a t  V37 i s  r e l a t i v e l y  l a r g e r  with 
t h e  l a r g e s t  02-intake than i t  is  with the  smaller 02- in takes .  
The s a m e  form of the  curve is found again a t  d i f f e r e n t  a l t i -  
tudes,  bu t  t h e r e  i s  a much s t ronger  inc rease  accompanying the  
l a r g e s t  02-intake.  
f o r  an 02-intake of 2 l i t e r s /minu te .  

They showed a normal value f o r  V37 a t  d i f f e r e n t  02- 

Table 1 shows values  of curves f o r  V37 

Table 1 

A 1  t i  tude 0 2810 3660 4700 
i n  m 

v37 48 69 83 110 
2 l i t e r  02/min 

This t a b l e  shows a s t rong inc rease  i n  V37 during a de- 
c rease  i n  t o t a l  p ressure .  If the value of V37 would have been 
t h e  same f o r  oxygen a t  a l l  a l t i t u d e s ,  then t h e  inha led  amount 
of 02  would' have decreased propor t iona te ly  with t h e  barometric 
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pressure. The consequences of decreasing barometric pressure 
are compensated for by a larger ITJ7. 
this compensation is extraordinarily effective. 

As is shown in Figure 4 ,  
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Fig. 4 .  Vo and 02-intake for subjects DBD, EHC and WF 
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Fig. 4 continued. Vo and 02-intake of subjects AK, BM and JT 

Figure 4 indicates that VO (volume of respiration Oo, 
760 mm Hg, dry) for a given 02-intake is almost constant at 
all altitudes and that the amount of 02-inhaled per minute, 
at a given metabolism, is almost unchanged at all heights. 
Two subjects showed a slight, but unmistakable increase in VO 
with increasing altitude. During maximum 02-intake, when the 
subjects were driven to the limits of their work-ability and 
when they were psychologically excited (upset), values were 
often obtained for Vo which fell outside the normal range. 
These high values are best explained by assuming an over-sti- 
mulation of the respiratory center. For example, subject EHC 
showed an 02-intake of 2.2 liters/minute at an altitude of 
4700 m with a V37 of not less than 136 liters/minute and a 
corresponding VO of 61 liters/minute. 
side the normal range, as shown in Figure 4 .  

This Vo value fell out- 

- 8 -  



Fig. 5 .  Alveolar tension and barometric pressure of subjects 
AK, BM, JT, DBD, EHC and WF at rest and work 

In figure 5 there are shown alveolar 02 and C02 tensions 
at rest and at work (muscular activity) at altitudes between 
2810 m (543 mm) and 5340 m ( 4 0 1  mm), as well as single deter- 
minations at rest at an altitude of 6140 m (356 mm). Averages 
of numerous single determinations were calculated. The values 
obtained during work are the averages of allwork-values at a 
given altitude. Work-intensity was not considered. All the 
subjects, except subject JT, showed a straight-line decrease of 
alveolar air and C02-tension at rest and at work (muscular 
activity). 
and the corresponding C02-tension per 100 mm Hg drop in total 

In all cases, the values for alveolar 02 were higher 
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pressure ,  expressed as an average of a l l  sub jec t s ,  w a s  6.5 mm 
a t  rest  and 6.3 mm a t  work. The corresponding values f o r  a 
drop i n  02-tension were 13.7 mm a t  res t  and 15.1 mm a t  work 
(m~scular act-vityj, 

Ear l ie r  r epor t s  by F i t zge ra ld  (1913) and Hasselbalch 
and Lindhard (1915) a l so  ind ica ted  a s t r a i g h t - l i n e  decrease 
i n  tens ion  with decreasing barometric pressure .  
tensions repor ted  by F i t zge ra ld  showed a decrease% :%-mm Hg 
per  100 mm Hg drop i n  barometric pressure ,  while the  cor res -  
ponding value reported by Hasselbalch and Lindhard w a s  3.8 mm 
Hg 

Table 2 

Observed and Calculated Alveolar Tensions a t  R e s t  

0,-Spann 
inni Hg 

-~ __ 
I - -- 

47 8 I 
42 8 
44 ' 
44 I 
43 5 
43 5 

44 3 I 

Table 3 

(Headings on next  page) 
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(Headings f o r  Table 3 )  

Vp. = s u b j e c t s  

2 
3 
4 
5 = C02-tension mm Hg 

- T\YCIn".-u^ 1 - y&GaauLe J d W  mm Hg 
= pressure  400 mm Hg 
= pressure  550 mm Hg 
= pressure  400 mm Hg 

6 = obs. CO?-tension 
7 = c a l c .  ~ 6 2 - t e n s i o n  
8 = 02-tension mm Hg 
9 = obs.  02-tension 

10 = calc.  02-tension 

Tables 2 and 3 were compiled i n  o rde r  t o  i n v e s t i g a t e  
the  magnitude of t h e  decrease i n  CO 
o l a r  a i r  i n  r e l a t i o n  t o  decreasing E a r m e t r i c  p re s su re .  
of t h e  curves f o r  observed tensions a t  barometric pressures  of 
550 and 400 mm Hg were tabula ted .  
a t  400 mm Hg were ca l cu la t ed  on t h e  assumption t h a t  they decreased 
p ropor t iona l ly  with barometric pressure .  Tables 2 and 3 show 
t h a t ,  as a r u l e ,  t h e r e  i s  good agreement between t h e  observed 
and c a l c u l a t e d  tens ions .  I n  t h e  s u b j e c t s  t e s t e d  and a t  the  
s t a t e d  a l t i t u d e s ,  a l v e o l a r  C02 and 02-tensions f e l l  nea r ly  
p ropor t iona l ly  with decreasing barometric pressure .  
centage of a l v e o l a r  C02 and 02 was almost cons tan t .  
t o  t he  conclusion t h a t  a lveo la r  v e n t i l a t i o n  was nea r ly  equal 
a t  Oo and per  l i t e r  of 02 ,  a t  r e s t  and a t  work, a t  d i f f e r e n t  
a l t i t u d e s .  This i s  i n  good agreement with the reduced t o t a l  
v e n t i l a t i o n  per  l i t e r  of 02 during muscular a c t i v i t y  which was 
almost equal a t  d i f f e r e n t  a l t i t u d e s .  

and 02-tensions of a lve-  
Values 

Also, the  C02 and 02- tens ions  

The per-  
This leads 

Discussion 

The experimental  r e s u l t s  discussed above ind ica t ed ,  
among o t h e r  th ings ,  t h a t  02-intake per  kgm of muscular a c t i v i -  
t y  was almost equal  a t  a l l  a l t i t u d e s  inves t iga t ed .  When the  
maximum 02-intake was compared a t  d i f f e r e n t  a l t i t u d e s ,  a 
d e f i n i t e  dependence on a l t i t u d e  w a s  observed and t h i s  w a s  ex- 
pected.  I n  Table 4 ,  below, w e  show the  maximum 0 
s u b j e c t  EHC, who provided the  most  complete set  o d a t a ,  a t  
d i f f e r e n t  a l t i t u d e s ,  with respec t  t o  v e n t i l a t i o n ,  a l v e o l a r  gas 
tens ion  and pulse  frequency. 

Kintake for 

Table 4 shows t h a t  maximum 02- in take  and, t he re fo re ,  
maximum a b i l i t y  t o  do work, decreased s t r o n g l y  with decreasing 
barometric pressures .  A t  an a l t i t u d e  of 0 m, t he  maximum 
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ability i o  do work was 1500-1600 kgm/min with an 02-intake of 
3.7 l i t e r s / m i n .  A t  an a l t i t u d e  of 4700 m, the  respec t ive  
va lues  were 910 kgm/min and 2 .2  1 02/min. 
5340 m, maximum ~ h i l i t y  t o  do work nad decreased t o  680 kgm/min 
and the  maximum 02-intake had decreased t o  1.8 1 02/min. 
t h a t  a l t i t u d e ,  t h e  general  condi t ion of subjec t  EHC was n o t  good, 
because of f a t i g u e  and insomnia. 

A t  an a l t i t u d e  of 

A t  

Table 4 

Maximum A b i l i t y  t o  Do Work of Subject EHC 

(1) Exhaled a i r ;  a t  t h i s  l a r g e  v e n t i l a t i o n ,  the  tension of t h e  
exhaled a i r  deviated but  l i t t l e  from the a lveo la r  tension 

Headings : 
1 = a l t i t u d e  i n  m 4 = v e n t i l a t i o n  l /min 

2 = maximum 02-intake l/min 
3 = v e n t i l a t i o n  l /min 

pressure  mm Hg Oo, 760 mm Hg, dry  
5 = a lveo la r  02-tension mm Hg 
6 = a lveo la r  C02-tension mm Hg 

370 e x i s t i n g  pressure 7 = pulse  frequency a t  maximum 
sa tu ra t ed  vapor 02-  in take  

Also shown i n  Table 4 i s  the  f a c t  t h a t  although the  
maximum 02-intake decreases s t rongly  with increas ing  a l t i t u d e ,  

- 12 - 



TT-  v 3 /  - is very near  t he  maximum l i m i t  a t  a l l  a l t i t u d e s ,  except 
t he  h ighes t  where, perhaps, spec ia l  f a c t o r s  become opera t ive .  
V37 i s  a measure of t he  burden of t h e  r e s p i r a t o r y  system. 
V37 a t  a barometric pressure zrf 429 mm Hg and a maximum 02-in- 
take of 2.2 l /min i s  compared with the  corresponding value a t  
normal pressure,  i t  may be seen t h a t  V37 rose  from 54 l i t e r s  
(see F ig .  3) t o  136 l i ters ;  an increase  of 150%. An a d d i t i o n a l  
i nc rease  i n  V37 i s  not  conceivable.  Simultaneously, t he  
corresponding frequency of t h e  pulse  ind ica ted  t h a t  t he  c i r cu -  
l a t i o n  was not  burdened t o  the  maximum a t  maximum 02-intake a t  
d i f f e r e n t  a l t i t u d e s .  A t  429 mm Hg, the  pulse  frequency w a s  
130-135/min, the  maximum 02-intake w a s  2.2 l i t e rs .  A t  s ea l eve l ,  
t he  pulse  frequency had t h e  same value  when the  same amount of 
0 2  w a s  taken i n .  

When 

Christensen and Forbes (1937) reported t h a t  i n  persons 
with a hea l thy  c i r c u l a t i o n ,  t h e  c i r c u l a t o r y  sys t em is not  
p a r t i c u l a r l y  burdened a t  higher  a l t i t u d e s .  
n o t  become the  l imi t ing  f a c t o r  f o r  poss ib le  02-intake under 
such condi t ions .  The repor ted  values f o r  V37 under maximum 02-  
i n t ake ,  a t  d i f f e r e n t  a l t i t u d e s ,  make i t  appear t h a t  v e n t i l a t i o n  
i s  t h e  l imi t ing  f a c t o r  f o r  r e sp i r a to ry  metabolism and, conse- 
quent ly ,  f o r  t he  a b i l i t y  t o  do work a t  high a l t i t u d e s .  The re- 
l a t i v e l y  low a l v e o l a r  02-values found a t  high a l t i t u d e s  i n d i c a t e  
t h a t  a s t e e p  decrease of a lveolar  02-tension could n o t  be 
avoided desp i t e  enormous v e n t i l a t i o n .  

C i rcu la t ion  does 

Even a t  res t ,  breathing can be of dec i s ive  importance 
f o r  t he  a b i l i t y  t o  t o l e r a t e  low 02-tension i n  inhaled a i r .  For 
example, Christensen and Krogh (1936) demonstrated t h a t  among 
50 h i g h - a l t i t u d e  p i l o t s  t he re  ex i s t ed  a c l o s e  r e l a t i o n s h i p  be- 
tween to le rance  aga ins t  low 02-tension i n  t h e  inhaled a i r  and 
increased v e n t i l a t i o n .  Only those subjec ts  who showed a 
d e f i n i t e  increase  i n  v e n t i l a t i o n  were ab le  t o  t o l e r a t e  very low 
02-tensions.  During muscular a c t i v i t y ,  when 02-intake i s  
markedly increased, i t  becomes of dec i s ive  importance t h a t  t h e  
a lveo la r  02-tension remain high, thereby favoring t h e  d i f f u s i o n  
of 02. Without exception, the observed values  ind ica ted  higher  
a lveo la r  02-tensions a t  res t  and a t  work. 

The r e s u l t s  reported here  ind ica ted  unmistakably t h a t  
t he  a b i l i t y  t o  do work over extended per iods a t  high a l t i t u d e s  
decreased s t rong ly .  This w a s  no t  t r u e  f o r  short-term work. 
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Chris tensen and Nielsen (1936) reported t h a t  muscle s t r e n g t h  
was unchanged a t  high a l t i t u d e s .  
t o  t he  f a c t  t h a t  the  02-supply of working muscles during the 
work-pertod, vhen shovt  t i m e s  were used, had no e f f e c t  on 
muscle e f f i c i e n c y  (see  Herxheimer, 1933). 

This was probably r e l a t e d  

Summary 

A study was made of the e f f e c t  of high a l t i t u d e s  on 
oxygen in t ake  during muscular a c t i v i t y  and on r e s p i r a t i o n  dur- 

&-* a l l  subjec ts  showed the  same r e l a t i o n s h i p  
between work i n t e n s i t y  and 02-intake a t  d i f f e r e n t  a l t i t u d e s .  
The degree of e f f i c i ency  was n o t  a f f e c t e d  by the  a l t i t u d e .  
Lung v e n t i l a t i o n ,  V37, w a s  no t  reduced and increased s t rong ly  
with increas ing  a l t i t u d e ,  reaching a value of more than 120 
l i t e r s / m i n u t e  during work. 

B ing rest  and work. The r e s u l t s  ind ica ted  t h a t  during work- 

Reduced lung v e n t i l a t i o n  Vo w a s  cons tan t  a t  i d e n t i c a l  
02-intake a t  a l l  a l t i t u d e s  inves t iga t ed .  A t  a l l  he igh t s ,  t he  
a lveo la r  02-tension was higher a t  work than a t  res t .  A t  high 
a l t i t u d e s ,  t he  maximum oxygen in take  w a s  l imi t ed  by the  ven t i -  
l a t i o n  of the  lungs 

The experimental da ta  fo r  t h i s  r e p o r t  were taken from 
"The I n t e r n a t i o n a l  High Al t i tude  Expedition t o  Chile" (1935) . 
The expedi t ion w a s  supported by the  Fat igue Laboratory and 
the  Milton Fund, Harvard Universi ty ,  Universi ty  of Copenhagen, 
Carlsberg and Rask-Orsted Funds, Copenhagen, King's College,  
Cambridge Universi ty ,  Corn Indus t r i e s  Research Foundation, 
Columbia Universi ty ,  National Research Council, Royal Society 
of London, J o s i a l  Macy Foundation, American Associat ion f o r  
t he  Advancement of Science, and numerous i n s t i t u t i o n s  i n  Ch i l e .  
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